Acute myeloid leukemia (AML) with FLT3-mutation carries a poor prognosis, and allogeneic stem cell transplantation (allo-SCT) is recommended at first complete remission (CR1). We assessed 462 adults (median age 50 years) with FLT3-mutated AML allografted between 2010 and 2015 from a matched related (40%), unrelated (49%), or haploidentical donor (11%). The median follow-up of alive patients was 39 months. Day-100 acute graft versus host disease (GVHD) grades II-IV and III-IV were encountered in 26% and 9%, whereas the 2-year incidence of chronic and extensive chronic GVHD were 34% and 16%, respectively. The 2-year incidences of relapse and nonrelapse mortality were 34% and 15%, respectively. The 2-year leukemia-free survival, overall survival (OS), and GVHD relapse-free survival (GRFS) were 51%, 59%, and 38%, respectively. In multivariate analysis, NPM1-mutation, transplantation in CR1, in vivo T-cell depletion, and posttransplant sorafenib improved OS, whereas more than one induction (late CR1) negatively affected OS. Similarly, NPM1-mutation, a haploidentical donor, T-cell depletion, and sorafenib maintenance improved GRFS, whereas late CR1 or persistent disease negatively affected it. In conclusion, FLT3-mutated AML remains a challenge even following allo-SCT. In vivo T-cell depletion and posttransplant sorafenib significantly improve OS and GRFS, and may be considered as standard of care.
INTRODUCTION
FMS-like tyrosine kinase 3 (FLT3) internal tandem duplication (FLT3-ITD) or tyrosine kinase domain (FLT3-TKD) gene mutations are encountered in around 30% of acute myeloid leukemia (AML) Japanese study reported that performing allo-SCT in CR1 significantly improves the outcome in these patients, irrespective of the FLT3-ITD allele ratio [12] . Unfortunately, patients with FLT3-ITD mutation still carry a poor prognosis after allo-SCT because of higher rates of early relapse and the lack of response to chemotherapy in the salvage setting [13, 14] .
Important progress has been made in recent years, including improvement of transplant techniques, the use of haplo-identical donors in patients lacking a Human Leukocyte antigen (HLA) matched donor, and posttransplant preventive strategies, such as prophylactic or preemptive use of tyrosine kinase inhibitors (TKI). Several TKIs have been recently used in FLT3-mutated AML, either as single agents or in combination with chemotherapy [15] . Because of its availability, sorafenib has been tested, alone or in combination, in various settings in FLT3-ITD AML, such as first-line therapy [16] or treatment of relapse [15, [17] [18] [19] , including relapse after allo-SCT [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . However, the ideal time to incorporate this drug into the treatment of patients with FLT3-mutated AML remains unclear, with some recent reports suggesting promising long-term outcomes when sorafenib is used as maintenance therapy after allo-SCT [15, [29] [30] [31] [32] [33] . More recently, midostaurin, a multikinase inhibitor, was shown to improve overall survival (OS) of FLT3-mutated AML when combined with chemotherapy in firstline therapy, and was recently granted approval in this setting [34] .
As structured data on the influence of these recent developments in the transplant field in the FLT3-mutated AML setting are scarce, the purpose of the present study was to assess the predictive factors for posttransplant outcomes in FLT3-mutated AML patients, using a large sample from the European Society for Blood and Marrow Transplantation (EBMT) registry.
MATERIALS AND METHODS

Study Design and Data Collection
This is a retrospective registry-based multicenter analysis. Data were provided and approved for this study by the acute leukemia working party (ALWP) of the EBMT. EBMT is a voluntary working group of more than 600 transplant centers which are required to report all consecutive SCT and follow-up once a year. Audits are routinely performed to determine the accuracy of the data. Since January 1, 2003, all transplant centres have been required to obtain written informed consent prior to data registration with the EBMT, following the Helsinki Declaration of 1975. Eligibility criteria for this analysis included adult patients (age > 18 years) with FLT3-mutated AML who received a first allo-SCT with bone marrow (BM) or G-CSF-mobilized peripheral blood (PB) stem cells from an HLA-matched related or unrelated or haploidentical donor between 2010 and 2015. Patients who received cord blood or mismatched stem cells were excluded.
Variables collected included recipient and donor age and gender, date of diagnosis, cytogenetic and molecular profile, lines of therapy prior to allo-SCT, use of pretransplant sorafenib, disease and minimal residual disease (MRD) status at transplant, Karnovsky score at time of transplant, transplant-related factors including conditioning regimen, in vivo T-cell depletion, graft versus host disease (GVHD) prophylaxis, stem cell source (BM or PB), donor type, patient and donor cytomegalovirus (CMV) status. Finally, we collected data on prophylactic or preemptive use of sorafenib, including the date of its administration after allo-SCT, the dose and duration of therapy, and its side effects.
Definitions
Myeloablative conditioning (MAC) was defined as a regimen containing either total body irradiation (TBI) with a dose greater than 6 Gy, a total dose of oral busulfan (Bu) greater than 8 mg/kg, or a total dose of intravenous Bu greater than 6.4 mg/kg. All other regimens were defined as reduced intensity conditioning (RIC) [35] . The diagnosis and grading of acute [36] and chronic graft-versushost disease [37] were performed by transplant centers using the standard criteria. Cytogenetic abnormalities were classified according to MRC criteria [38] .
Statistical Analysis
Endpoints included leukemia-free survival (LFS), OS, nonrelapse mortality (NRM), relapse incidence (RI), acute and chronic GVHD, and GVHD and relapse-free survival (GRFS). All outcomes were measured from the time of allo-SCT. LFS was defined as survival without leukemia relapse or progression; patients alive without leukemia relapse or progression were censored at the time of last contact. OS was defined as death from any cause. NRM was defined as death without previous leukemia relapse. GRFS was defined as events including grade 3-4 acute GVHD, extensive chronic GVHD, relapse, or death in the first post-SCT year [39] . Surviving patients were censored at the time of last contact. The probabilities of OS and LFS were calculated by the Kaplan-Meier method. Cumulative incidence functions were used to estimate RI and NRM in a competing risk setting. Death and relapse were considered as competing events for acute and chronic GVHD. For univariate analyses, continuous variables were categorized and the median used as a cutoff point. Univariate comparisons were performed using the log-rank test for LFS, OS, and GRFS and Gray's test for cumulative incidences. A Cox proportional hazards model was used for multivariate regression including sorafenib posttransplant as a time-dependent variable. Factors known to influence the outcome and factors associated with a P value less than 0.10 with any endpoint by univariate analysis were included in the model.
The impact of sorafenib posttransplant was also studied using a matched pair analysis. Matching factors included conditioning (reduced intensity [RIC]versus MAC), status at transplant (CR1 versus CR2 versus active disease), harboring of NPM1 mutations, and age at transplant. In order to avoid immortal time bias due to the time elapsed from transplant to sorafenib administration, each control patient had to engraft and to be alive free of acute GVHD grade II-IV and of relapse at least as long as the time to sorafenib initiation of the respective matched sorafenib recipient. Patient, disease, and transplant-related characteristics for the two cohorts were compared either by (paired) Wilcoxon signed rank tests or MannWhitney test for continuous variables, chi-square, or McNemar test for categorical variables. Comparison of the outcome was performed using a Cox model stratified on matching group for taking into account the association.
Results were expressed as hazard ratio (HR) with 95% confidence interval (CI). All tests were two sided. The type-1 error rate was fixed at 0.05 for determination of factors associated with time to event outcomes. All analyses were performed using SPSS 24.0 (SPSS Inc, Chicago, IL, USA)) and R version 3. 4 
Posttransplant Sorafenib
Twenty-eight patients received posttransplant sorafenib maintenance: 18 as prophylaxis while MRD-negative; 9 as preemptive therapy for positive MRD, and one patient received both prophylaxis and then preemptive sorafenib. Sorafenib treatment was initiated at a median of 55 days posttransplant (range 1-173) at a median dose of 800 (range 200-800) mg daily. Sorafenib was temporarily interrupted in 11 patients and the dose was modified in 12 patients, mainly because of side effects including skin rash (2 patients), skin GVHD (3 patients), and hematological toxicity, diarrhea, increase in amylase, acute myocardial infection, fatigue, decision of third party payer, and disease relapse 1 patient each. The median modified daily dose was 400 mg (range 200-800). The median duration of prophylactic sorafenib was 446 days (range 5-1205) and of preemptive sorafenib 385 days (range 16-820). Out of the 3 patients in the sorafenib group who experienced acute GVHD grade III, acute GVHD occurred before the infusion of sorafenib in 2 patients, at day 24 and day 34 (93 days and 23 days before sorafenib, respectively). One patient experienced acute GVHD III-IV at day 41, 4 days after the infusion of sorafenib. We also observed 6 acute GVHD grade II at a median of 13 days after initiation of sorafenib (range 6-59). Thirteen patients in the sorafenib group had chronic GVHD at a median time of 76 days after the infusion of sorafenib (range: 9-194). The grade was limited for 7 patients and extensive for 6 patients.
Transplant Outcomes
Day 100 acute GVHD grades II-IV and III-IV were encountered in 26% and 9% of patients, respectively, whereas the 2-year cumulative incidence of chronic and extensive chronic GVHD Pdf_Folio:60 were 34% and 16%, respectively ( Fig. 1) . The 2-year RI and NRM were 34% and 15%, respectively (Fig. 2) . The 2-year LFS, OS, and GRFS were 51%, 59%, and 38%, respectively (Fig. 2) . Overall, 204 patients died primarily from the original disease (115 patients; 57%), followed by acute GVHD (39 patients; 19%) and infections (24 patients; 12%). In univariate analysis, patient age, intensity of conditioning, donor type, stem cell source, patient, and donor CMV status did not affect any of the transplant outcomes (Supplementary Tables S1 and S2 ). Conversely, some transplant outcomes were affected by the patient or donor gender, NPM1 mutation status, number of inductions and use of consolidation, and year of transplant. Transplantation in CR1 was associated with a significantly better outcome as compared to CR2 and active disease, with 2-year LFS of 58%, 46%, and 29%, respectively (p < .001), 2-year OS of 66%, 50%, and 35%, respectively (p < .001), and 2-year GRFS of 43%, 44%, and 19%, respectively (p < .001) ( Fig. 3 and Supplementary Tables S1 and S2 ). Finally, in vivo T-cell depletion was also associated with a significantly better 2-year LFS of 56% versus 45% (p = 0.034), OS of 62% versus 54% (p = 0.1), and GRFS of 45% versus 29% (p < .001) (Fig. 4 and Supplementary Tables S1 and S2).
Multivariate Analysis
In multivariate Cox analysis (Table 3) , female patients had a reduced NRM, and the use of MUD was associated with reduced RI. The Figure 5B Overall survival for sorafenib versus no sorafenib maintenance (pair-matched analysis).
Pair-Matched Analysis
We were able to match 26 patients in the sorafenib group and 26 controls. The latter had engrafted and survived post allo-SCT without relapse and without acute GVHD grade II-IV for periods at least identical to or longer than the time from allo-SCT to sorafenib initiation in the drug cohort. The two groups were comparable in terms of patient, disease, and transplant characteristics (Supplementary Table S3 ), except that patients in the sorafenib group were more recently transplanted and more likely to have required more than one induction course. Two-year LFS and OS were, respectively, 79% and 83% for patients in the sorafenib group versus 54% and 62% for controls ( 
DISCUSSION
In this study, we evaluated the predictive factors for posttransplant outcome in FLT3-mutated AML using a large data set of 462 patients from the EBMT. We found that LFS and OS were significantly better in patients with concomitant NPM1 mutation, in patients transplanted in CR1 and, importantly, in patients receiving in vivo T-cell depletion and/or posttransplant sorafenib maintenance. Similarly, NPM1 mutation, the use of a haplo-identical donor, in vivo T-cell depletion, and posttransplant sorafenib maintenance significantly improved GRFS. These results may set the standard for allo-SCT in FLT3-mutated AML.
Because of the poor prognosis associated with FLT3-mutated AML, allo-SCT is most frequently performed in CR1 [9, [40] [41] [42] [43] [44] [45] [46] [47] , including in patients ≥ 60 years of age [48] . In most studies, the LFS at 2 years was around 50-60% in that setting [9, 13, 14, 49] , although a wide variation from 20% [43, 50] to 70% [10] was reported. However, little is known about the predictive factors for outcome. A previous EBMT study [14] reported that FLT3-mutated AML patients with concomitant NPM1 mutation had an improved posttransplant outcome compared to those without NPM1 mutation. Similarly, Gaballa et al. [51] recently reported that the presence of active disease or MRD positivity before allo-SCT was associated with a poor posttransplant outcome.
We found that in vivo T-cell depletion decreased chronic GVHD and significantly improved LFS, OS, and GRFS, without increasing the risk of relapse. This indicates that, even in the setting of FLT3-mutated AML, in vivo T-cell depletion does not hamper the graft versus leukemia (GVL) effect. Importantly, we also found that the use of haplo-identical donors was associated with improved GRFS. Given the high risk of rapid relapse of FLT3-mutated AML patients in CR1, and given the poor outcome of transplanting patients in CR2 or beyond, our results indicate that, at least in the absence of a matched sibling donor, performing haplo-identical transplants in CR1 may be superior to other strategies.
Even after allo-SCT, FLT3-mutated AML is associated with a higher risk of early relapse [13] . Furthermore, treatment of patients with FLT3-mutated AML who relapse or progress after allo-SCT, remains an unmet medical need. Chemotherapy or TKI alone or combined with donor lymphocyte infusions are rarely effective in the long term. A second allogeneic SCT can be proposed to only a small percentage of patients and is associated with rather high transplant-related mortality [52] . Therefore, several studies investigated the use of posttransplant sorafenib maintenance as a strategy to reduce the risk of relapse after allo-SCT [15, [30] [31] [32] [33] .
While their results were encouraging, all of these studies but one had no adequate control group. Only one of these nonrandomized studies included 55 control patients concomitant with 26 patients treated with sorafenib maintenance, and reported improved 2-year LFS and OS rates of 82% and 81%, respectively, for patients receiving sorafenib (vs 53% and 62%, respectively, for patients not receiving sorafenib; p < 0.05 and <0.05) [32] . Besides the larger number of patients in our study, one important difference from these previous reports is that we included a large control group and performed a pair-match analysis. Interestingly, posttransplant sorafenib toxicity was rather low in our study, in spite of drugs including TKI being generally less tolerated after allo-SCT [53] [54] [55] . More recently, preliminary conclusions of a prospective trial randomizing maintenance treatment with sorafenib versus placebo introduced during the first 60-100 days after allo-HSCT, further supported the use of sorafenib in this high-risk setting [56] .
In addition to its direct antileukemia effect, a possible synergism between sorafenib and alloreactive donor T cells in facilitating longterm disease control has been suggested [57] , and also has been proposed in murine models in which sorafenib apparently exacerbated GVHD [58] . A recent elegant report demonstrated that sorafenib promotes GVL activity in mice and humans through interleukin-15 production in FLT3-ITD leukemia cells [59] .
One important limitation of our retrospective registry study is the risk of selection bias. Ideally, this question of posttransplant sorafenib maintenance should be answered by a prospective randomized trial. A stratification is needed for whether patients were or not exposed to sorafenib or midostaurin prior to allo-SCT. To address these unmet clinical needs, the Blood and Marrow Transplant Clinical Trials Network (BMT-CTN) is launching BMT-CTN 1506, a multicenter, randomized, double-blind, placebocontrolled trial of gilteritinib, a FLT3 inhibitor, as a posttransplant maintenance agent for patients with FLT3-ITD AML in CR1. However, one concern is the expected and potentially unacceptable high risk of relapse in the placebo arm, suggesting that sorafenib may be recommended as the control arm in this type of study. Furthermore, the recent approval of midostaurin in the frontline treatment of FLT3-mutated AML in the USA and Europe may impact the efficacy of posttransplant TKI maintenance including sorafenib, so new data should be generated in that setting. However, most FLT3-mutated AML patients are not currently receiving midostaurin, at least outside the USA; therefore, for the upcoming years, patients may still benefit from sorafenib maintenance after allo-SCT.
Another limitation of our study is that stratification of patients according to their FLT3 mutant-to wild-type allelic ratio at the time of diagnosis was not possible, because it was not systematically performed in most centers. Recent reports have suggested that allele burden might affect prognosis in FLT3-mutated AML patients [60] , and that its negative impact might be overcome when patients undergo allo-SCT at the time of CR1 [61] . A recent study from the MD Anderson Cancer Center showed that allo-SCT improved LFS and OS independently from the FLT3/ITD allelic ratio and NPM1 mutation status in multivariate regression models [29] .
Finally, although this study included 462 patients, only 28 of them received posttransplant sorafenib. This low number can be explained by the lack of approval of sorafenib in this indication and/or by the lack of sufficient data on posttransplant sorafenib between 2010 and 2015.
CONCLUSION
FLT3-mutated AML remains a challenge even following allo-SCT. Transplantation in CR1 is associated with better outcomes. In vivo T-cell depletion and post transplant maintenance with sorafenib appear to significantly improve survival and may be considered as standard of care in that setting.
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